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Abstract— In the conventional mechanical micropumps, the 
motion from one component (such as gear or diaphragm) 
produces pressure difference, which is needed to move fluid. 
In this paper, we propose a new method to use double PZT 
layers as an actuator for a valveless micropump, which is 
designed for pumping blood. Due to the high surface tension 
of blood, one PZT actuator is not strong enough to produce 
sufficient displacement. So instead of one PZT layer, a 
double-PZT layer is utilized to produce movement force. In 
this research, the analytic equations of a double circular PZT 
layer are derived to express the natural frequency of the 
system. The finite element method (FEM) simulation is 
utilized to verify the analytic equations. Then the required 
input voltage is applied to maximize the functionality of the 
system, whose simulation results are compared with the 
experimental measurement setup. Finally, a typical valveless 
micropump with the proposed double PZT layer is simulated 
by using COMSOL Multiphysics software. The flow rate of 
this configuration is compared with a single PZT actuator to 
demonstrate the effect of the proposed double-PZT actuator on 
the application to the valveless micropumps. 
Keywords-component; circular PZT actuator; mechanical 
vibration; valveless micropump; FEM modeling   
I.  INTRODUCTION   
The concept of microfluid was introduced 40 years ago, 
with the advent of inkjet printing nozzle by IBM (E. Bassous et 
al. 1977 and Petersen K E 1979) [1]. In 1993, Peter Gravesen et 
al. published a review paper about micro pumping technology 
and different actuating principles [2]. Afterwards many new 
fabrication technologies and in turn new micropump 
technologies have been developed, such as the positive 
displacement micropump by Cunneen et al in 1997 [3], the 
electro-osmotic micro-pump by Chen et al. in 2005 [4], the 
pneumatic PDMS micropump by Jeong and Konishi in 2007 
[5], the piezoelectric micro-pump by Samira Kaviani et al in 
2014 [6], and the high pressure peristaltic micropump by Loth 
and Förster in 2016 [7]. These are just some examples of the 
new technologies and fabrication methods in the microfluidic 
area, where the micropump design is highly dependent on 
specific applications. 
In this paper, a valveless micropump with a double PZT 
layer actuator is developed to pump blood sample. In general, 
being applied a voltage, a piezoelectric (PZT) layer bends 
inwards into the micropump [8]. This action pushes the fluid 
out of the chamber through the outlet valve. In suction mode, 
when the voltage is removed, the PZT layer would back up to 
allow the fluid to enter the chamber. This reciprocating process 
causes the pumping action. A recent attempt of improving PZT 
micropump was done by Hu et al. in 2017 [9], who added a 
new layer to the previous design to decrease the resonant 
frequency as an advantage of the newly designed device. The 
authors verified the FEM model with experimental setup. An 
accurate analytic modeling for a single circular piezoelectric 
actuator was developed by Mo et al. [10]. They investigated the 
effect of the thickness ratio and the radius of the piezoelectric 
layer, which is bonded to a metallic layer with the maximum 
deflection by using their proposed analytic model. A recent 
analytic modeling based on the thin plate theory and Kelvin–
Voigt laws for a single piezoelectric actuator was proposed by 
Esfahani and Bahrami [11]. They also studied the vibration 
analysis of an edge clamp for a rectangular PZT actuator in a 
fluid environment. They considered the effect of fluid on the 
system by adding a damping coefficient to their equations, and 
then solved the governing equation by a numerical method. In 
[12], they also investigated the effect of the input voltage, 
viscoelastic elements, damping coefficient, and excitation 
signal on the system response. They verified their proposed 
modeling with the FEM method by using COMSOL 
Multiphysics software. 
This paper is organized as follows. In Section 2, the 
governing equations of double PZT layer with a bonding layer 
will be presented and then the natural frequency will be 
calculated. In Section 3, the FEM simulation will be presented 
to verify the analytic solution. Then the required voltage, which 
can maximize the functionality of the system, will be 
computed. By utilizing a high voltage amplifier and a signal 
generator, we construct the test bench of our prototype system. 
The measurement result will be compared with the FEM result. 
In Section 4, we use COMSOL Multiphysics software to help 
design a typical valveless micropump. With reference to the 
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computated natural frequency of the system, a high AC voltage 
with the same frequency is applied to the system to investigate 
the effect of the double PZT layer on the output flow rate. 
Finally, we draw a conclusion in Section 5. 
II. DYNAMIC MODEL 
The primary purpose of a double PZT layer actuator is to 
provide large bending displacement in the transverse direction. 
As illustrated in Fig. 1, two piezoelectric layers are glued with 
each other by a bonding layer. Two PZT layers are assumed to 
connect each other by a massless and linear bonding layer. The 
radius of the bonding layer and PZT layers is 𝑟𝑂  and the 
thicknesses of PZT layers and bonding layer are 𝑡𝑝 and 𝑡𝑏. In 
this model, because of the thickness of electrodes is less than 
0.5 𝜇𝑚, the effect of the electrode on deflection of the PZT 
layers will be ignored [13].  
 
Figure 1.  The schematic view of a double PZT layer with a bonding layer. 
The axisymmetric governing equations can be obtained by 
utilizing LaGrange method as follows: 
𝑇1 (
𝜕2𝑤1(𝑟,𝑡)
𝜕𝑟2
+
1
𝑟
𝜕𝑤1(𝑟,𝑡)
𝜕𝑟
) = 𝑚1
𝜕2𝑤1(𝑟,𝑡) 
𝜕𝑡2
+
𝑘(𝑤1(𝑟, 𝑡) − 𝑤2(𝑟, 𝑡)) + 𝑓1(𝑡)  
(1-1) 
𝑇2 (
𝜕2𝑤2(𝑟,𝑡)
𝜕𝑟2
+
1
𝑟
𝜕𝑤2(𝑟,𝑡)
𝜕𝑟
) = 𝑚2
𝜕2𝑤2(𝑟,𝑡) 
𝜕𝑡2
−
𝑘(𝑤1(𝑟, 𝑡) − 𝑤2(𝑟, 𝑡)) + 𝑓2(𝑡)  
(1-2) 
where 𝑇1and 𝑇2 are the tension, 𝑤1and 𝑤2 are displacement, 𝑘 
is the stiffness coefficient of the bonding layer, 𝑚1 and 𝑚2 are 
the mass per unit area. To compute natural frequencies, 𝑓1 and 
𝑓2 should be equal to zero. The PZT layers are clamped along 
the edge such that there is no displacement and as a result the 
boundary equations can be written as follows: 
𝑤𝑖(𝑟𝑜 , 𝑡) = 0, 𝑤𝑖(0, 𝑡) ≠ ∞. (i=1 or 2)   (2) 
Moreover, the PZT layers have no initial displacement: 
𝑤𝑖(𝑟, 0) = 𝑤0, 
𝜕𝑤𝑖
𝜕𝑡
(𝑟, 0) = 0  (3) 
 By applying the separation variation method, 𝑤1  and 𝑤2 
can be rewritten as follows: 
𝑤1(𝑟, 𝑡) = 𝑅1(𝑟)𝑍(𝑡) (4-1) 
𝑤2(𝑟, 𝑡) = 𝑅2(𝑟)𝑍(𝑡) (4-2) 
Z(t)𝑇1 (
𝜕2𝑅1(𝑟)
𝜕𝑟2
+
1
𝑟
𝜕𝑅1(𝑟)
𝜕𝑟
) = 𝑚1𝑅1(𝑟)
𝜕2𝑍(𝑡)
𝜕𝑡2
+
(5-1) 
𝑘(𝑅1(𝑟)𝑍(𝑡) − 𝑅2(𝑟)𝑍(𝑡))  
Z(t)𝑇2 (
𝜕2𝑅2(𝑟)
𝜕𝑟2
+
1
𝑟
𝜕𝑅2(𝑟)
𝜕𝑟
) = 𝑚2𝑅2(𝑟)
𝜕2𝑍(𝑡)
𝜕𝑡2
−
𝑘(𝑅1(𝑟)𝑍(𝑡) − 𝑅2(𝑟)𝑍(𝑡))  
(5-2) 
Let’s assume that 𝑍(𝑡) = 𝑍0𝑒
−𝑖𝜔𝑡  then: 
𝑍0𝑒
−𝑖𝜔𝑡𝑇1 (
𝜕2𝑅1(𝑟)
𝜕𝑟2
+
1
𝑟
𝜕𝑅1(𝑟)
𝜕𝑟
) =
𝑚1𝑅1(𝑟)𝑍0𝑒
−𝑖𝜔𝑡(−𝜔2) + 𝑘(𝑅1(𝑟)𝑍0𝑒
−𝑖𝜔𝑡 −
𝑅2(𝑟)𝑍0𝑒
−𝑖𝜔𝑡)  
(6-1) 
𝑍0𝑒
−𝑖𝜔𝑡𝑇2 (
𝜕2𝑅2(𝑟)
𝜕𝑟2
+
1
𝑟
𝜕𝑅2(𝑟)
𝜕𝑟
) =
𝑚2𝑅2(𝑟)𝑍0𝑒
−𝑖𝜔𝑡(−𝜔2) − 𝑘(𝑅1(𝑟)𝑍0𝑒
−𝑖𝜔𝑡 −
𝑅2(𝑟)𝑍0𝑒
−𝑖𝜔𝑡)    
(6-2) 
These equations can be rewritten as: 
𝑍0𝑒
−𝑖𝜔𝑡𝑇1 (
𝜕2𝑅1(𝑟)
𝜕𝑟2
+
1
𝑟
𝜕𝑅1(𝑟)
𝜕𝑟
) =
𝑚1𝑅1(𝑟)𝑍0𝑒
−𝑖𝜔𝑡(−𝜔2) + 𝑘𝑍0𝑒
−𝑖𝜔𝑡(𝑅1(𝑟) −
𝑅2(𝑟))   
(7-1) 
𝑍0𝑒
−𝑖𝜔𝑡𝑇2 (
𝜕2𝑅2(𝑟)
𝜕𝑟2
+
1
𝑟
𝜕𝑅2(𝑟)
𝜕𝑟
) =
𝑚2𝑅2(𝑟)𝑍0𝑒
−𝑖𝜔𝑡(−𝜔2) − 𝑘𝑍0𝑒
−𝑖𝜔𝑡(𝑅1(𝑟) −
𝑅2(𝑟))    
(7-2) 
With simplification: 
𝑇1 (
𝜕2𝑅1(𝑟)
𝜕𝑟2
+
1
𝑟
𝜕𝑅1(𝑟)
𝜕𝑟
) = −𝑚1𝜔
2𝑅1(𝑟) +
𝑘(𝑅1(𝑟) − 𝑅2(𝑟))  
(8-1) 
𝑇2 (
𝜕2𝑅2(𝑟)
𝜕𝑟2
+
1
𝑟
𝜕𝑅2(𝑟)
𝜕𝑟
) = −𝑚2𝜔
2𝑅2(𝑟) −
𝑘(𝑅1(𝑟) − 𝑅2(𝑟))  
(8-2) 
Let’s define ∇𝑅𝑖 =
𝜕2𝑅𝑖(𝑟)
𝜕𝑟2
+
1
𝑟
𝜕𝑅𝑖(𝑟)
𝜕𝑟
. By substituting  ∇𝑅𝑖 
into the equations, the following equations will be obtained: 
𝑇1𝛻𝑅1 + (𝑚1𝜔
2 − 𝑘)𝑅1(𝑟) + 𝑘𝑅2(𝑟) = 0 , (9-1) 
𝑇2𝛻𝑅2 + (𝑚2𝜔
2 − 𝑘)𝑅2(𝑟) + 𝑘𝑅1(𝑟) = 0 . (9-2) 
By eliminating 𝑅2 from these equations, the following 
equation can be obtained: 
(𝛻 + 𝐶1
2)(𝛻 + 𝐶2
2)𝑅1 = 0 (10) 
where 𝐶1 and 𝐶2 are equal to: 
𝐶1,2
2 =
1
𝑇1𝑇2
(−(𝑚2𝑇1 + 𝑚1𝑇2)𝜔
2 + (𝑇1 + 𝑇2)𝑘) ±
(2𝑇1𝑇2𝑘
2 + 𝑇2
2𝑚1
2𝜔4 + 𝑇1
2𝑚2
2𝜔4 + 𝑇2
2𝑘2 + 𝑇1
2𝑘2 −
2𝑚2𝜔
2𝑇1
2𝑘 + 2𝑚1𝑇2
2𝜔2𝑘 − 2𝑚2𝑚1𝑇1𝑇2𝜔
4 +
(11) 
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2𝑚1𝑇1𝑇2𝑘𝜔
2)
1
2)  
The solution of this equation can be represented as Bessel 
function as follows: 
𝑅1𝑖 = 𝑎𝑖𝐽𝑖(𝐶1𝑟) + 𝑏𝑖𝑌𝑖(𝐶1𝑟) (12) 
By applying the first boundry condition, since 𝑅1𝑖(0, 𝑡) ≠
∞. 𝑏𝑖 should be equal to zero and also by applying the second 
B.C, 𝑅1𝑖(𝑟𝑜 , 𝑡) = 0, it can be shown that: 
𝐽𝑖(𝐶1𝑟) = 0  or 𝐽𝑖(𝛿) = 0 (13) 
where 𝛿 is the root of Bessel function. Now by solving this 
simple algebraic equation, natural frequencies 𝜔 of the system 
can be calculated. Material properties of the system are shown 
in Table I. 
TABLE I.  MATERIAL PROPERTIES OF PZT AND BONDING LAYER. 
Mechanical property 
Bonding layer 
(Epoxy Resin) 
PZT (Lead 
Zirconate Titanate) 
Mass density 2000 (𝐾𝑔/𝑚3) 7500 (𝐾𝑔/𝑚3) 
Elastic modulus 5.17 (𝐺𝑃𝑎) 9.5 (𝐺𝑃𝑎) 
Poisson’s ratio 0.31 0.30 
III. FEM MODELING AND EXPERIMENTAL SETUP 
To validate the analytic solution, FEM method and 
experimental setup are utilized. Two piezoelectric actuators 
with the radius of 14 mm, which are glued to each other by a 
bonding layer, are simulated in Comsol Multiphysics software. 
Fig. 2 shows the mode shapes of the system that are calculated 
by FEM simulation. 
 
 
a 
 
 
b 
 
 
c 
Figure 2.  The natural frequency of double PZT layer with bonding layer in 
Comsol Multiphysics software a) The first mode shape, b) The second mode 
shape, c) The third mode shape. 
The maximum stress occurs at the boundary condition. The 
Tresca stress at the boundary as a function of frequency is 
shown in Fig. 3. The result demonstrates that the maximum 
displacement and maximum stress will occur at the first natural 
frequency 𝜔1. As a result, the maximum functionality of the 
system is at the first natural frequency. Table II shows the 
natural frequency, which is calculated by analytic solution and 
FEM modeling. The absolute percentage error (APD) is 
calculated by the following equation [14-15]: 
𝜖𝑖 = 100 |
(𝜔𝐹𝑖−𝜔𝐴𝑖)
𝜔𝐹𝑖
|   (14) 
where 𝜔𝐹𝑖  is natural frequencies calculated by FEM 
simulation, and 𝜔𝐴𝑖  is natural frequencies calculated by 
analytic solution.  
 
Figure 3.  The Tresca stress at the boundary of the system for the first, 
second, and third natural frequencies. 
TABLE II.  THE FIRST, SECOND AND THIRD NATURAL FREQUENCY 
Resonant 
frequency 
Analytical 
Solution (HZ) 
FEM 
Modeling 
(HZ) 
Absolute 
percentage 
Error (APD) 
1 7947.35 8014.1 0.83 
2 15678.86 15800 0.76 
3 24507.32 24637 0.52 
 
The result shows the accuracy of the analytic model. We 
can see that this analytic model is very valuable, since the 
designer can use it to estimate the natural frequency of a new 
double PZT layer very quickly for different dimensions without 
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any expensive FEM simulation. The transverse vibration of the 
double PZT layer will be turned into a time-dependent 
vibration when the input voltage signal changes as a function of 
time. The important point is to find the best input signal, which 
can maximize the efficiency of the system. In order to reach 
this goal, after calculating the natural frequencies, the first 
natural frequency will be chosen to apply to the system. So a 
high voltage signal with the same frequency 𝜔1will be applied 
to the system and the maximum deflection will be measured by 
FEM simulation and experimental setup. Fig. 4-a shows the 
excitation voltage, which is equal to 200sin (𝜔1𝑡). The system 
response is shown in Fig.  4-b. The maximum stress, which 
occurs at edge, is shown as a function of time in this figure. 
This figure reveals that the maximum deflection of the system 
with respect to that excitation signal is equal to 121 𝜇𝑚. 
 
(a) 
 
(b) 
Figure 4.  a) The excitation signal at the first natural frequency, b) The Tresca 
stress at the boundary and displacement profile. 
For the experimental setup, the main instruments include a 
fixture, a high precision laser measurement sensor (LK-H022, 
resolution of 0.02 𝜇𝑚 ), a signal generator, a high-precision 
high voltage power amplifier (TEGAM-2350), and a data 
acquisition system.. The experimental setup is shown in Fig. 5. 
In order to verify the FEM simulation along with the 
experimental measurement results, an excitation signal the 
same as Fig. 4-a was applied to the system. Fig. 6 shows the 
center deflection of the double PZT layer. As can be seen in 
this figure, the maximum value for deflection is equal to 117 
𝜇𝑚, which is close to the FEM result with the error of 3.3%. 
 
Figure 5.  1) Double PZT layer, 2) Fixture, 3) Vibration Shaker Systems, 4) a 
high precision laser measurement sensor (LK-H022, resolution of 0.02 μm), 5) 
Signal generator, 6) Precision power amplifier high voltage (TEGAM-2350), 
7) Data acquisition system. 
 
Figure 6.  The center displacement response of the system under excitation 
signal of 200sin (𝜔1𝑡) 
IV. APPLICATION OF DOUBLE PZT LAYER IN MICROPUMP 
 
In this section, the double PZT actuator will be installed on 
a valveless micropump to see the effect of this proposed 
actuator on the flow rate of the valveless micropump. In the 
conventional mechanical micropump, the motion of one 
component such as gear or diaphragm can produce pressure 
difference, which is needed to move fluid sample. Mechanical 
micropumps can be classified into the following categories: 
rotary micropumps, moving diaphragm micropumps, and 
peristaltic micropumps. The actuation methods of the moving 
diaphragm micropumps include piezoelectric, electrostatic, 
thermopneumatic, shape memory alloys, and other novelties. In 
this research, we choose the double piezoelectric actuator to 
move the diaphragm of a valveless micropump. A typical 
configuration of the valveless micropump with the double 
piezoelectric actuator in COMSOL Multiphysics software is 
shown in Fig. 7. COMSOL Multiphysics is powerful software 
that can simulate the interface between solid structure, fluid 
environment, and electrical field.  
In a typical valveless micropump, there is no moving part. It 
works base on geometry property of nozzle and diffuser. The 
purpose of this section is not focused on the principle of this 
type of micropumps. More detail about the micropump design 
can be found in Stemme’s and Cui’s papers [16,17]. Fig. 7-a 
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shows the micropump chamber in suction mode and Fig.  7-b 
shows the chamber of micropump in pump mode. 
 
 
(a) 
 
(b) 
Figure 7.  The FEM modeling of the valveless micropump with double PZT 
actuator a) The suction mode, b) The pump mode. 
In order to investigate the effect of the double PZT actuator 
on the system, the flow rate of the system is calculated by FEM 
simulation. Fig. 8-a shows the flow rate of a valveless 
micropump with a regular single PZT actuator. As can be seen 
from this figure, the maximum flow rate reaches up to 1.47 ∗
10−5 𝑚2/𝑠 . On the other hand, Fig. 8-b shows the flow rate of 
the same microvalve in the same condition, but with a double 
PZT actuator and a bonding layer. As can be seen from this 
figure the maximum flow rate would reach 12.1 ∗ 10−5 𝑚2/𝑠, 
which is suitable for pumping biological samples such as 
blood. In other words, by utilizing our proposed double PZT 
actuator, the flow rate of a valveless micropump can increase 
up to 8.23 times.  
 
(a) 
 
(b) 
Figure 8.  The output flow rate of the valveless micropump a) With a single 
PZT actuator, b) With a double PZT actuator. 
V. CONCLUSION 
In this research, we designed a double PZT layer as an 
actuator for a valveless micropump. The analytic analysis of 
this newly proposed actuator was first conducted and then 
verified with FEM simulation. The comparison between 
COMSOL Multiphysics simulation and analytic computation 
reveals the high accuracy of our deducted analytic solution, 
whose error is less than 1%. This is valuable since the designer 
can estimate the natural frequency of a new double PZT layer 
quickly for different dimensions by using our analytic solution 
without depending on any expensive FEM simulation. 
Moreover, the experimental setup was established to measure 
the maximum displacement for a comparison with the FEM 
simulation. The result shows that the difference between FEM 
simulation and our experimental measurement is less than 4%. 
Furthermore, the proposed actuator was applied to a typical 
valveless micropump to evaluate the functionality of the 
actuator. The comparison between a regular valveless 
micropump with a single PZT actuator and the same 
micropump with a double PZT actuator reveals that the flow 
rate will increase up to 8.23 times. 
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